
Differential regulation of neutrophil chemotaxis to IL-8 and fMLP
by GM-CSF: lack of direct effect of oestradiol

Introduction

Chemokines, a class of cytokines that induce cellular

migration, are crucial players in initiating both innate

immunity and the adaptive immune response. Neutroph-

ils, the key cellular mediators of early, non-specific

defence against microbes, are recruited to sites of injury

and potential infection by a chain response initiated by

sentinel neurones and tissue mast cells.1 A series of very

early inflammatory events induces activation of tissue and

endothelial cells and culminates in production of chemo-

kines such as interleukin-8 (IL-8) that induce migration

of neutrophils to the affected site where they inactivate

pathogens by phagocytosis or release of microbicides.2,3

Interestingly, neutrophils are also recruited into the tis-

sues of the female reproductive tract during the late secre-

tory phase of the menstrual cycle, prior to menses.4

Although the mechanism driving this influx is incom-

pletely understood it is notable that IL-8 production

increases in endometrial tissue at this time.5

Another cytokine with potent effects on neutrophil

function is granulocyte–macrophage colony-stimulating

factor (GM-CSF), originally described as a myeloid cell

growth factor.6 GM-CSF is also referred to as one of

the inflammatory cytokines and as such has been found

to augment many of the innate protective functions of

neutrophils.7,8 This cytokine also prevents neutrophil

apoptosis, allowing neutrophils to persist at sites of
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Summary

Neutrophils are a normal constituent of the female reproductive tract and

their numbers increase in the late secretory phase of the menstrual cycle

prior to menses. Several cytokines are produced in female reproductive

tract tissue. In particular granulocyte–macrophage colony-stimulating fac-

tor (GM-CSF), a potent activator of neutrophils, is secreted in high con-

centrations by female reproductive tract epithelia. We previously observed

that GM-CSF synergizes strongly with interleukin-8 (IL-8) in enhancing

chemotaxis of neutrophils. Thus we investigated whether pretreatment of

neutrophils with GM-CSF would prime subsequent chemotaxis to IL-8 in

the absence of GM-CSF. Surprisingly, a 3-hr pulse of GM-CSF severely

diminished chemotaxis to IL-8, whereas N-formyl-methyl-leucyl-phenyl-

alanine (fMLP)-mediated chemotaxis was retained. Conversely, when cells

were incubated without GM-CSF they retained IL-8-mediated migration

but lost fMLP chemotaxis. These changes in chemotaxis did not correlate

with expression of CXCR1, CXCR2 or formyl peptide receptor. However,

IL-8-mediated phosphorylation of p44/42 mitogen-activated protein kinase

was greatly reduced in neutrophils that no longer migrated to IL-8, and

was diminished in cells that no longer migrated to fMLP. Oestradiol,

which is reported by some to exert an anti-inflammatory effect on

neutrophils, did not change the effects of GM-CSF. These data suggest

that neutrophil function may be altered by cytokines such as GM-CSF

through modulation of signalling and independently of surface receptor

expression.

Keywords: chemotaxis; granulocyte–macrophage colony-stimulating factor;

interleukin-8; N-formyl-methionyl-leucyl-phenylalanine; mitogen-activated

protein kinase; signalling
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inflammation.9 GM-CSF is produced by the tissues of the

female reproductive tract10 and its synthesis is now

known to be hormonally regulated, at least in rodents.11

Female reproductive tract tissues that produce IL-8 are

also reported to produce GM-CSF. Indeed, we showed in

an earlier report that the potent chemoattractant proper-

ties of female reproductive tract epithelial cell secretions

were a result of synergy between IL-8 and GM-CSF pro-

duced by epithelial cells.12

While cultured primary epithelial cells make IL-8 and

GM-CSF in quantities that promote enhanced neutrophil

chemotaxis, within the tissue environment other cell types

also synthesize chemokines and cytokines and the exact

locations and timing of peak IL-8 and GM-CSF synthesis

with respect to the menstrual cycle may be very complex.

There is evidence that greater amounts of IL-8 are pro-

duced by epithelial cells than by the underlying stromal

cells.13 Additionally, both these cell types make GM-

CSF.11 The chemokine and cytokine environment that

exists in the female reproductive tract and the means

through which it drives neutrophil functional activation

have yet to be elucidated.

In this report we set out to analyse the mechanism

whereby GM-CSF enhances neutrophil IL-8-mediated

chemotaxis. Surprisingly we found that preactivation of

neutrophils with GM-CSF did not augment their response

to IL-8. Rather, we observed an inhibition. However this

did not appear to extend to chemotaxis mediated by

another agent, N-formyl-methionyl-leucyl-phenylalanine

(fMLP), even though the receptors for IL-8 and fMLP are

both in the G-protein-coupled receptor family.14

Materials and methods

Neutrophil separation and culture

Neutrophils were isolated as described previously12 from

venous blood taken from healthy laboratory volunteers.

Donors signed an informed consent form approved by

the Protection of Human Subjects Committee. All mani-

pulations were performed in a sterile, laminar flow tissue

culture hood with sterile reagents. Briefly, red cells were

sedimented by the addition of 1 ml Hetasep (Stem Cell

Technologies Inc., Vancouver, Canada) per 5 ml blood.

The upper, leucocyte-rich fraction was layered onto a dis-

continuous density gradient of Histopaque 1�077 g/ml

(Sigma, St Louis, MO) over Optiprep 1�095 g/ml (Axis

Shield, Oslo, Norway) and centrifuged at 500 g for

25 min at room temperature. The neutrophil fraction was

recovered from the interface between the Histopaque and

Optiprep layers and washed three times in Liebovitz’s

L-15 medium (Gibco, Grand Island, NY) at room

temperature. Purity of the neutrophil preparation was

routinely 95% or greater. All separation and culture

reagents contained less than 0�01 ng/ml lipopolysaccharide.

Cells were resuspended at 2 · 106 cells/ml in a 1 : 1

mixture of L-15 and Medium 199 (Gibco) supplemented

with 10% charcoal-stripped fetal bovine serum (HyClone,

Logan, UT) and 50 lg/ml gentamicin (Gibco) (complete

medium.) They were then transferred to flat-bottom cul-

ture wells. Parallel cultures received either recombinant

GM-CSF (Peprotech, Rocky Hill, NJ) at a final concentra-

tion of 4 ng/ml or were left untreated. After 3 hr at 37�
in a 5% CO2 incubator the cells were washed once and

either added to the chemotaxis assay or incubated in

complete medium for a further 3 hr before assessment of

chemotaxis. Viability was greater than 95% at the end of

the culture period.

Chemotaxis assay

A modification of the under-agarose chemotaxis assay as

described by Nelson et al. was employed.15 As previously

described,12 a sterile, lipopolysaccharide-free, glass bottle

containing a 2�4% suspension of UltraPure agarose (Gibco)

in sterile Hanks’ buffered salt solution was heated in a bath

of boiling water to bring the agarose into solution. The ag-

arose was cooled to 65� and an equal volume of complete

L-15 medium at 37� was added and mixed immediately.

The final agarose concentration was 1�2%. Agarose (3 ml)

was dispensed into Falcon 3001 Petri dishes and allowed to

solidify. A sterile, stainless-steel punch guided by a tem-

plate was used to cut circular wells in the agarose and the

gel plugs were removed with a sterile needle. The template

produced three peripheral wells spaced equally around a

central well. The central well was filled with 23 ll chemo-

attractant and the peripheral wells were filled with 23 ll of
the neutrophil suspension. All dilutions were made in com-

plete L-15 medium. The dishes were incubated at 37� in a

humid, 5% CO2-gassed incubator for 16 hr. The contents

of the dishes were then fixed for 1 hr at room temperature

by addition of 1 ml 37% formaldehyde (Fisher Scientific,

Pittsburgh, PA.) The agarose layers were removed, the

dishes were rinsed in distilled water and the cells were

stained with Coomassie Brilliant Blue stain (Sigma) for

30 min. The dishes were then rinsed with distilled water

and air-dried.

Quantification of chemotaxis

Chemotaxis was quantified as follows. The area between

each peripheral well (neutrophil well) and the central well

(chemoattractant well), including the leading edge of the

neutrophil well, was photographed in black-and-white

using a Nikon Coolpix 5700 digital camera attached to an

inverted microscope. The equivalent area on the side of

the peripheral well facing away from the central well was

also photographed to record non-directional migration.

Images were transferred to a Macintosh G3 computer and

converted to bitmaps. Neutrophils in a 1�7 · 2�4-mm
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‘target region’ at a distance of 1�7 mm ahead of the edge

of the peripheral well were enumerated using the NIH

IMAGEJ PARTICLE ANALYZER program. In almost all cases,

non-directional migration of neutrophils did not extend

as far as 1�7 mm and therefore was excluded by counting

only cells that reached the ‘target region’. Results are

expressed as the mean and standard deviation of triplicate

neutrophil wells.

Western blot

Neutrophils were washed and resuspended at 5 ·
106 cells/ml in serum-free L-15 medium supplemented

with 1 mM phenylmethylsulphonyl fluoride (Sigma) and

the cells were incubated at room temperature for 15 min.

They were then spun down, resuspended at 1�5 · 107

cells/ml and dispensed into microfuge tubes in aliquots

of 3 · 106 cells. The cells were stimulated at 37� with

100 ng/ml IL-8 (Peprotech) or 10)8 M fMLP (Sigma) for

the time periods indicated. Controls were held at 37� for

the duration of the time–course but received no stimulus.

The tubes were then transferred to ice and 1 ml of cold

phosphate-buffered saline (PBS) containing 500 lM sodium

orthovanadate (Sigma) was immediately added. The cells

were spun down and the pellets were lysed in Tris-buffered

saline (pH 7�4) containing sodium deoxycholate (0�25%),

nonidet P-40 (1%), sodium dodecyl sulphate (0�1%),

sodium orthovanadate (10 mM), sodium fluoride (0�02 M),

b-glycerolphosphate (0�04 M) and Protease Inhibitor Cock-

tail III (1 : 60) (Calbiochem, La Jolla, CA.) After 30 min

on ice the lysates were centrifuged and the supernatants

were frozen for later analysis.

Lysates (106 cell equivalents) were analysed by 10%

sodium dodecyl sulphate–polyacrylamide gel electrophor-

esis and electrotransferred onto nitrocellulose membranes.

The blots were incubated with an anti-phospho p44/42

mitogen-activated protein kinase (MAPK) antibody (Cell

Signaling Technology, Beverly MA) at 4� for 18 hr,

washed and incubated with horseradish peroxidase-conju-

gated anti-mouse immunoglobulin G for 1 hr at ambient

temperature (Upstate, Charlottesville, VA).12 Phosphoryl-

ated p44/42 MAPK was detected using enhanced chemi-

luminescence and autoradiography. The membranes were

also probed by the above method using an antibody to

myeloperoxidase (Upstate) to assess gel loading.

Analysis of surface markers by immunofluorescence

Neutrophils (1 · 106) were dispensed into microtitre

wells and incubated with agitation at 4� for 1 hr with

1 lg of fluorochrome-labelled antibodies to CXCR1,

CXCR2, class I major histocompatibility complex (MHC),

CD45 or isotype controls (BD Biosciences Pharmingen,

San Diego, CA) in the presence of 4 mg/ml non-specific

human immunoglobulin G to block antibody binding to

Fc receptors. The cells were then washed in PBS contain-

ing 0�5% bovine serum albumin and 0�02% sodium azide

and fixed in 2% paraformaldehyde in PBS. Antibody

binding was assessed by flow cytometry. For each sample

10 000 events in the granulocyte gate were recorded. The

mean fluorescence of samples stained with isotype control

antibodies was subtracted from the mean fluorescence of

samples stained with specific antibodies. Results are given

as mean ± standard deviation of the corrected mean

fluorescence of samples from three separate donors.

Results

We have shown previously that IL-8 and GM-CSF exhibit

synergy in mediating neutrophil chemotaxis over a range

of concentrations including those used in this report.12

This was initially observed using mixtures of recombinant

cytokines. More significantly, we also observed that the

potent chemoattractant activity of secretions of epithelial

cells from the female reproductive tract resulted from

synergy between IL-8 and GM-CSF produced by these

cells. This indicates that IL-8–GM-CSF synergy is likely to

occur in vivo.

In the present study we set out to address the mechan-

ism of this synergy. Our hypothesis was that GM-CSF,

a potent neutrophil activator, enhances the neutrophil

chemotactic response to IL-8. Figure 1(a) shows the result

of a typical experiment in which neutrophil chemotaxis

towards a mixture of IL-8 and GM-CSF (100 ng/ml and

10 ng/ml, respectively) was compared to chemotaxis to

either cytokine alone, and confirms our previous observa-

tion of a strong synergy between these two compounds

in mediating chemotaxis. The same neutrophil prepar-

ation was also preincubated with medium or GM-CSF

(10 ng/ml) and the subsequent chemotaxis towards IL-8

(100 ng/ml) is shown in Fig. 1(b). Contrary to our

expectations, GM-CSF pretreatment did not result in

activated cells with greater chemotactic ability. Rather,

GM-CSF treatment depressed IL-8-mediated chemotaxis.

Figure 1(b) shows the reverse treatment, i.e. the effect of

IL-8 pretreatment (100 ng/ml) of neutrophils from the

same preparation on chemotaxis to GM-CSF (10 ng/ml).

Exposure to IL-8 had no significant effect on GM-CSF-

mediated chemotaxis.

We next examined whether the depression of chemotaxis

by GM-CSF was limited to IL-8-mediated migration, or

whether this effect extended to other chemoattractants.

Figures 2 and 3 show a typical experiment comparing the

effect of GM-CSF pretreatment at 4 ng/ml or 1 ng/ml on

chemotaxis by neutrophils from the same preparation to

IL-8 (100 ng/ml) (Fig. 2) or fMLP (1 · 10)8 M), a formyl-

ated peptide representing a class of chemotactic agents

derived from bacteria (Fig. 3). In addition, we included

oestradiol in some of the pretreatments. Our rationale was

that within the tissues of the female reproductive tract,
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neutrophils would encounter GM-CSF or IL-8 in an oestro-

gen-enriched environment. Oestradiol has been reported to

have an anti-inflammatory effect16 and it was of interest to

determine whether oestradiol might increase the suppres-

sive effect of GM-CSF exposure. Our approach was to cul-

ture neutrophils with oestradiol (or medium) for 1 hr, then

add GM-CSF (or medium) and culture for a further 3 hr.

The cells were then washed once and the chemotaxis assay

was performed in the absence of oestradiol and GM-CSF.

As shown in Fig. 2, GM-CSF pretreatment dramatically

depressed IL-8-mediated chemotaxis and there was no
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Figure 1. Synergistic effect on neutrophil chemotaxis between IL-8

and GM-CSF cannot be replicated by pretreatment with GM-CSF or

IL-8. Neutrophils were prepared as described in the Materials and

methods. (a) Neutrophil chemotaxis mediated by IL-8 (100 ng/ml)

GM-CSF (10 ng/ml) or a mixture of IL-8 and GM-CSF to the same

final concentrations, was assessed as described in the Materials and

methods. (b) Neutrophils from the same preparation were preincu-

bated for 3 hr with medium or GM-CSF, then washed and assessed

for IL-8-mediated chemotaxis. (c) Neutrophils from the same pre-

paration were preincubated with medium or IL-8, then washed and

assessed for GM-CSF-mediated chemotaxis.
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Figure 2. Pretreatment of neutrophils with GM-CSF reduces chemo-

taxis to IL-8 and this is unaffected by oestradiol. Neutrophils were

incubated in medium and GM-CSF was added after 1 hr to a final

concentration of 4 ng/ml or 1 ng/ml (med/GM 4 ng; med/GM 1 ng)

and incubation was continued for 3 hr. Parallel cultures were treated

for 1 hr with 10)7 m oestradiol followed by 3 hr with GM-CSF in

the continued presence of oestradiol (E2/GM 4 ng + E2; E2/GM

1 ng + E2) Controls were incubated for 4 hr with medium (med-

ium) or 10)7 m oestradiol (E2). The ability of the cells to perform

IL-8-mediated chemotaxis was then assessed as described in the

Materials and methods using 100 ng/ml IL-8. Data are representative

of three independent experiments.
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Figure 3. Pretreatment of neutrophils with GM-CSF preserves fMLP

chemotaxis and this is unaffected by oestradiol. Neutrophils from the

same preparation used in Fig. 2 were incubated for 1 hr with medium

followed by 3 hr with GM-CSF at 4 ng/ml or 1 ng/ml (med/GM

4 ng; med/GM 1 ng) or for 1 hr with 10)7 m oestradiol followed by

3 hr with GM-CSF in the continued presence of oestradiol (E2/GM

4 ng + E2; E2/GM 1 ng + E2) Controls were incubated for 4 hr with

medium (medium) or 10)7 m oestradiol (E2). The ability of neutro-

phils to perform fMLP-mediated chemotaxis was then assessed, as

described in the Materials and methods. fMLP was used at 10)8 m.

Data are representative of three experiments.
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further depression as a result of oestradiol exposure.

Oestradiol did not significantly lower chemotaxis in the

absence of GM-CSF, although a slight depression was

observed.

In the same experiment (Fig. 3) we assessed the ability

of neutrophils treated as above to migrate up a concen-

tration gradient of fMLP (added at a starting concentra-

tion of 10)8 M) We observed that GM-CSF pretreatment

did not depress fMLP-mediated chemotaxis, on the con-

trary, chemotaxis by GM-CSF-treated cells was superior

to that of medium-treated cells, which hardly migrated at

all. Oestradiol (10)7 M) did not appear to have a suppres-

sive effect on the migration of GM-CSF-treated cells.

Since we had observed that freshly isolated cells migrated

strongly towards fMLP (unpublished observations) our

results suggested that this ability was lost in culture and

that GM-CSF maintained fMLP-mediated chemotaxis. As

there was no GM-CSF present in the chemotaxis assay

our results indicated that the effect of GM-CSF on neu-

trophils persisted after the cytokine was removed.

Our results showed that a 3-hr exposure to GM-CSF

altered the function of neutrophils, maintaining their

ability to migrate to fMLP but diminishing the ability to

migrate to IL-8. One reason for this observation might

be the modulation of expression of receptors for IL-8

and fMLP on neutrophils. We therefore examined the

effect of a 3-hr treatment with GM-CSF (4 ng/ml) on

neutrophil chemokine receptor expression. In addition,

we examined receptor expression after a 3-hr incubation

with GM-CSF followed by a further 3-hr incubation in

medium. The rationale for this further incubation was

that we wished to study neutrophils that most closely

resembled those in the agarose wells at the start of che-

motaxis. After the addition of cells and chemokines to

the agarose plates the diffusion of IL-8 or fMLP to form

a concentration gradient for chemotaxis takes a few hr.17

Thus we felt that an additional 3-hr incubation after the

removal of GM-CSF would create conditions comparable

to those that neutrophils experience in the chemotaxis

assay.

The results in Table 1 show that there were no sig-

nificant differences in expression of CXCR1 and

CXCR2 between control neutrophils and any of the GM-

CSF-treated samples. While culture for 3 hr with

GM-CSF produced a slight increase in formyl peptide

receptor expression, a difference between GM-CSF-treated

cells and controls was not observed in cells that received

an additional 3-hr incubation in medium. All stainings

used 1 lg of antibody per 106 cells. From these observa-

tions it seemed unlikely that the differences in chemotaxis

could be explained on the basis of differences in receptor

expression.

Stimulation of neutrophils through chemokine recep-

tors initiates a signalling cascade involving the phos-

phorylation of many intracellular proteins that mediate

the cellular response to chemokines.18 The phosphoryla-

tion of MAPK on threonine and tyrosine appears central

to the response to chemokines and cytokines. In partic-

ular p44/42 MAPK are phosphorylated in response to

both IL-8 and fMLP in neutrophils.19 Since we were

unable to account for differences in the chemotaxis of

cultured neutrophils by differences in chemokine receptor

expression, we sought to determine whether events after

receptor ligation could explain our observations. There-

fore we examined the phosphorylation of p44/42 MAPK

in neutrophils stimulated with IL-8 (100 ng/ml) after a

3-hr incubation with GM-CSF (4 ng/ml) followed by 3 hr

in medium. Our rationale was that at least 3 hr elapse

between the addition of the IL-8 and neutrophils to their

respective wells and the start of neutrophil migration.

Thus, after GM-CSF treatment, the neutrophils in the

agarose well are exposed to medium alone until IL-8

reaches them by diffusion. We therefore sought to repli-

cate this condition in the phosphorylation studies by giv-

ing the GM-CSF-treated neutrophils a 3-hr incubation in

the same medium used for the chemotaxis assay, before

stimulating them with IL-8 (Fig. 4).

When neutrophils received a 3-hr incubation in med-

ium following GM-CSF, the GM-CSF-treated population

no longer phosphorylated p44/42 MAPK in response to

IL-8, whereas cells that were not exposed to GM-CSF

retained this function. Thus, the reduced migration after

GM-CSF treatment appeared to correlate with a loss of

IL-8-mediated signalling.

Similar experiments were performed to compare p44/42

MAPK phosphorylation in response to fMLP (10)8 M)

after a 3-hr culture with medium following GM-CSF

treatment. As shown in Fig. 5, fMLP-stimulated p44/42

Table 1. Culture with GM-CSF does not alter the expression of

chemotactic receptors

3 hr

medium

3 hr

GM-CSF

6 hr

medium

3 hr

medium+

3 hr

GM-CSF

CXCR 367 ± 28 344 ± 63 384 ± 85 434 ± 111

CXCR2 69 ± 26 52 ± 47 90 ± 38 44 ± 37

FPR 17 ± 3 30 ± 19 28 ± 13 30 ± 14

MHC I 114 ± 45 136 ± 61 117 ± 46 111 ± 47

CD45 438 ± 147 324 ± 188 390 ± 174 387 ± 221

Neutrophils of three donors were treated for 3 hr with medium or

GM-CSF (4 ng/ml) and then stained for surface expression of chemo-

tactic receptors CXCR1, CXCR2 and formyl peptide receptor (FPR),

and of Class I MHC and CD45 as controls. Separate aliquots of cells

were cultured in medium for 6 hr, or in GM-CSF (4 ng/ml) for 3 hr

followed by medium for 3 hr, before staining. Results are expressed as

mean of MFI of cells from the three donors followed by standard

error. Staining used 1 lg of antibody per 106 cells and all values are

corrected for isotype control staining.
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MAPK phosphorylation was somewhat greater in neutro-

phils that were cultured for 3 hr with GM-CSF (4 ng/ml)

followed by 3 hr in medium when compared to cells that

received identical culture in the absence of GM-CSF.

Thus, neutrophils that received GM-CSF migrated

robustly in response to fMLP (Fig. 3) and also exhibited

somewhat enhanced p44/42 MAPK phosphorylation.

However, while medium-treated cells lost the ability to

migrate in response to fMLP (Fig. 3) this was not reflec-

ted by a complete loss of p44/42 MAPK phosphorylation

(Fig. 5).

In all signalling experiments, probing with an antibody

to myeloperoxidase showed that the differences in density

of the bands corresponding to phosphorylated p44/42

MAPK could not be accounted for by differences in load-

ing of the gel lanes.

Discussion

We present data demonstrating that a 3-hr pulse with

GM-CSF altered the functional capacity of neutrophils.

The chemotactic response to IL-8 was lost, whereas the

fMLP response was maintained following GM-CSF treat-

ment. Neutrophils that were cultured for the same length

of time without GM-CSF exhibited the opposite pheno-

type, characterized by a loss of fMLP-mediated migration

and maintenance of IL-8 chemotaxis. Interestingly, these

differences appeared to originate at the signalling level

and were not linked to expression levels of receptors

for IL-8 or fMLP. These observations suggested that as

neutrophils aged they could turn into functionally differ-

ent subpopulations depending on the stimuli they

encountered.

We have made the unexpected observation that neutro-

phil chemotaxis to IL-8 was depressed by prior exposure

to GM-CSF. This contrasts with the marked enhancement

of IL-8-mediated chemotaxis in the simultaneous pres-

ence of GM-CSF,12 which is in agreement with the gener-

ally accepted view that GM-CSF augments or primes

many neutrophil functions.20 One difference between

these contrasting observations was the temporal relation-

ship between GM-CSF-priming/activation and stimulation

with the chemotactic agent IL-8. When neutrophils

encountered IL-8 and GM-CSF simultaneously, function

was stimulated, whereas when there was a delay between

GM-CSF treatment and encountering IL-8, function was

depressed. However, it was not clear why pretreatment

with GM-CSF would result in inhibition of only IL-8-

mediated chemotaxis and not fMLP-mediated chemotaxis.

One effect of GM-CSF is to increase expression of some

adherence molecules on neutrophils, in particular CD11b/

CD18, a b2-integrin.
21 It is reported that certain adher-

ence molecules can promote CXCR1 phosphorylation.22

This cross-phosphorylation of chemokine receptors has

been cited as a means of desensitizing them and it is gen-

erally accompanied by receptor internalization and loss

from the cell surface.23 However, the down-regulation of

chemotaxis we observed was not through reduction of

surface IL-8 receptors but appeared to be through a loss

of signalling in response to IL-8. Interestingly, binding of

a ligand of integrin b1 to neutrophils has been shown to

inhibit IL-8-mediated MAPK activation.24 However, such

inhibition has not been reported for integrin b2, so we

can only speculate as to whether there may be integrin

involvement in the GM-CSF depression of IL-8 chemo-

taxis.

The loss of fMLP-mediated chemotaxis over time in

the absence of GM-CSF could have several mechanisms.

It is possible that factors necessary to maintain this func-

tion are lacking in tissue culture, although it is notewor-

thy that IL-8 chemotaxis, mediated by a receptor with

a common signalling pathway to the formyl peptide

phosphorylated
p44/42 MAPK

myeloperoxidase

IL-8 (min)

3 hr GM-CSF
3 hr medium

6 hr medium

0 421 0 421

Figure 4. Phosphorylation of p44/42MAPK in response to IL-8 is

reduced by a 3-hr GM-CSF pulse followed by 3 hr in culture. Neu-

trophils were cultured in GM-CSF (4 ng/ml) or medium for 3 hr

followed by culture in medium for a further 3 hr before staining

(6 hr medium; 3 hr GM-CSF 3 hr medium.) Following culture the

cells were stimulated with IL-8 (100 ng/ml) for 0, 1, 2 and 4 min

and assessed for phosphorylation of p44/42 MAPK by Western blot

as described in the Materials and methods. The same nitrocellulose

membranes were subsequently probed by Western blot for myelo-

peroxidase. Data are representative of three experiments.

phosphorylated
p44/42 MAPK

myeloperoxidase

fMLP (min) 
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3 hr medium
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0 421 0 421

Figure 5. Phosphorylation of p44/42MAPK in response to fMLP is

enhanced by a 3-hr GM-CSF pulse followed by 3 hr in culture. Neu-

trophils were cultured in GM-CSF (4 ng/ml) or medium followed by

culture in medium for a further 3 hr before staining (6 hr medium;

3 hr GM-CSF 3 hr medium.) Following culture all samples were sti-

mulated with fMLP (10)8 m) for 0, 1, 2 and 4 min and assessed for

phosphorylation of p44/42 MAPK by Western blot as described in

the Materials and methods. The same nitrocellulose membranes were

subsequently probed by Western blot for myeloperoxidase. Data are

representative of three experiments.
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receptor, was not lost under the same conditions. Neu-

trophils have a relatively short half-life in the circulation

and eventually lose their chemotactic function and

undergo apoptosis.25 It is possible that neutrophils lose

their response to some chemokines before others once

they start down the path to apoptosis. In this regard it is

of interest to note that loss of fMLP-mediated chemotaxis

was not reversed by oestradiol, a sex steroid hormone,

whereas glucocorticoid steroids are reported to reduce

neutrophil apoptosis26

Published reports demonstrate the importance of p44/

42 MAPK in chemotaxis, by use of MAPK-inhibiting

drugs or MAPK mutants.27–29 However, our observations

appeared to indicate that the relationship between phos-

phorylation and chemotaxis in response to fMLP was not

as striking as with IL-8. Although there was greater phos-

phorylation of p44/42 MAPK in GM-CSF-treated cells

that retained their ability to migrate in response to fMLP,

the medium-treated cells that did not migrate appreciably

still phosphorylated p44/42 MAPK after fMLP stimula-

tion. Since, in our modification of the under-agarose

assay, the neutrophils need to migrate extensively (over

1 mm in distance) before they are counted it is possible

that a modest impairment of the migration machinery

would result in a dramatic reduction in numbers of cells

scored. It is also likely that neutrophils encounter fMLP

in the agarose gel at lower concentrations than that used

to stimulate measurable phosphorylation, because of dif-

fusion within the agarose. These factors could combine to

accentuate the difference in fMLP-mediated chemotaxis

between medium-treated and GM-CSF-treated cells.

The levels of GM-CSF in blood are usually extremely

low,30 whereas certain tissues, such as the epithelia of the

female reproductive tract, secrete GM-CSF in very large

amounts.10 The concentration of GM-CSF used to treat

neutrophils in our experiments (4 ng/ml) is well within

this range. It is possible that one of the many actions of

GM-CSF on neutrophils could be to down-regulate

responses when they are no longer necessary to the role

of the cell. For instance, once a cell has crossed the female

reproductive tract epithelium, where it would encounter

high levels of GM-CSF, it would enter the lumen of the

female reproductive tract. In this locale the sole function

of the neutrophil would be to destroy micro-organisms.

A response to IL-8, which might attract the cell back into

the tissue, would be counterproductive. On the other

hand it would be important to retain the ability to

migrate towards bacteria.

Our studies demonstrated that neutrophil chemotaxis

was unaffected by oestradiol treatment either alone or in

combination with GM-CSF. This appears in contradiction

to the findings of Miyagi et al.31 who reported that neutro-

phil chemotaxis to fMLP was diminished by oestradiol.

One explanation for the differences seen is that these

authors used pharmacological concentrations of oestradiol.

The level of oestradiol we used is considered to be at the

high end of the levels found in female reproductive tract

tissue32 and is higher than that found in blood. Measure-

ment of blood neutrophil chemotaxis over the course of

the menstrual cycle did not reveal any effects of varying lev-

els of oestrogen.33 While oestradiol may not affect chemo-

taxis directly it is important to note that oestradiol acts

through uterine stromal cells to mediate the secretion of

cytokines, and probably chemokines, by epithelial cells.34

In summary, these observations suggest that one of the

effects of GM-CSF on neutrophils may be to down-regu-

late functions such as IL-8-mediated chemotaxis under

certain conditions while maintaining responsiveness to

bacterial products. Here, the down-regulation was not

related to loss of surface IL-8 receptors but to a loss of

receptor signalling. It appears that in this system GM-CSF

may affect neutrophil chemotactic responses by altering

the activation of signalling intermediates upstream of

MAP kinases.
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